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v CONVECTIVE HEAT TRANSFER IN PLANETARY GASES

By Joseph G. Marvin and George S. Deiwert
Ames Research Center

TN
28674

Equilibrium convective heat transfer in several real gases was investi-
gated. The gases considered were alr, nitrogen, hydrogen, carbon dioxide, and
argon. Solutions to the similar form of the boundary-layer equations were
obtained for flight velocities to 30,000 ft/sec for a range of parameters
sufficient to define the effects of pressure level, pressure gradient,
boundary-layer-edge velocity, and wall temperature. Results are presented
for stagnation-point heating and for the heating-rate distribution.

SUMMARY

For the range of parameters investigated the wall heat transfer depended
on the transport properties near the wall and precise evaluation of properties
in the high-energy portions of the boundary layer was not needed. A corre-
lation of the solutions to the boundary-layer equations was obtained which
depended only cn the low temperature properties of the gases. This result can
be used to evaluate the heat transfer in gases other than those considered.

The largest stagnation-point heat transfer at a constant flight velocity
was obtained for argon followed successively by carbon dioxide, air, nitrogen,
and hydrogen. The blunt-body heating-rate distribution was found to depend
mainly on the inviscid flow field.

For each gas, correlation equations of boundary-layer thermodynamic and
transport properties as a function of cnthalpy are given for a wide range of
pressures to a maximm enthalpy of 18,000 Btu/lb.
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INTRODUCTION

Convective heat transfer to bodies entering the earth's atmosphere has
been studied extensively. No attempt will be made to reference all these
investigations, but representative examples are references 1 to 3. Only a few
investigators have examined the problem associated with flight into planetary
atmospheres having constituent gases differing from air and these deal
directly with stagnation-point heat transfer. (See, e.g., refs.l and 5.)
Prior to these latter investigations, it was common to correlate heat-transfer
results in terms of the transport and thermodynamic properties at the boundary-
layer edge (i.e., see ref. 2), but as indicated in reference 5, a correlation
for various dissociating gases was obtained in terms of molecular weight of
the cold mixture. A correlation of this nature is much more convenient since
estimates of heating in any number of gases seemed to be feasible without
requiring the burdensome task of evaluating the transport properties at the
boundary-layer edge. In light of these two apparently different modes of cor-
relation, it secemed appropriate to study the relation of the transport proper-
ties to the heat transfer.



In a cursory look at this problem, pertinent thermodynamic and transport
properties of several gases were compared because it is through these proper-
ties that differences in heat transfer would be expected to appear. This com-
parison illustrated some of the property differences between gases and these
differences were investigated further to assess their effects on the convec-
tive heat transfer.

It is the purpose of this report to present the results of this investi-
gation for several real gases, including air, and to point out the significant
differences and similarities between the results for the various gases. The
results were obtained by solving the boundary-layer equations for the gases,
alr, nitrogen, hydrogen, carbon dioxide, and argon, subject to the assumptions
of local similarity and thermodynamic equilibrium. Solutions are presented
for flight velocities to 30,000 ft/sec and for a range of parameters suffi-
cient to define the influence of pressure, pressure gradient, wall temperature,
and velocity at the edge of the boundary layer. The results are presented for
stagnation-point heating and heating-rate distribution and are correlated in
terms of the gas properties at low temperatures.

SYMBOLS
Cp total specific heat
Cp; specific heat of species 1
Cq mass fraction of species i
Dij milticomponent diffusion coefficient
o
g normalized total enthalpy, é%
h static enthalpy
H total enthalpy <# + %;)
Hg stagnation enthalpy
k total thermal conductivity
ke frozen thermal conductivity
m; molecular weight of species 1
n shape parameter, n = 1 for axisymmetric and n = O for two-dimensional
jas total number of moles
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pressure

total Prandtl number

heat-transfer rate to the wall

y component of the heat-flux vector

body coordinate, shown in sketch, appendix A
temperature

velocity in direction of boundary-layer flow (i.e., velocity in x
direction)

free-stream velocity

velocity normal to direction of boundary-layer flow (i.e., velocity in
y direction)

coordinate along wall

mole fraction of species 1

coordinate normal to wall

pressure-gradient parameter defined in equation (A21)
transformed coordinate defined by equation (A12b)
viscosity

transformed coordinate defined by equation (Al2a)

mass density

b
PwHw

Subscripts
value at onset of dissociation or lonization
boundary-layer-edge value
stagnation-point wvalue
reference value, see table I
wall value

free-stream value




PRESENTATION OF EQUATIONS .

The problem considered is that of convective heat transfer in various
gases. The equations necessary for describing this phenomenon are the conser-
vation of mass, momentum, and energy equations. Along with these, relations
describing the fluid state and transport properties are required. These equa-
tions are developed in appendix A and the resulting equations are presented
below.

Heat-Flux Equation

The wall convective heat-flux equation for a chemically reacting mixture
of gases in thermochemical equilibrium is

_ K §#> o M Q#) 1
i pr ay W B PrW ay w ( )

This equation can be solved when the transport properties and enthalpy gradi-
ent at the wall are known. For this study, the unknown in equation (1) is the
enthalpy gradient which must be obtained by solving the boundary-layer
equations.

Similar Boundary-Layer Equations

An appropriate set of equations for studying the effect of gas composi-
tion on the wall enthalpy gradient is the similar form of the boundary-layer
equations. These particular equations are exact when similarity holds, such
as in the stagnation region of a body, and they allow approximate prediction
of the heating-rate distribution over bodies.

The similar boundary-layer equations in the familiar £ and 1 coordinate
system (see eq. (A12)) may be written in the following form:

(pf™)" + ££f" + B %e-f'2>=o (2)
1 =) H
(P u
o) vee (o - &) o] <o )
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and where the prime superscript represents differentiation with respect to 1.
The Prandtl number in equation (3) is the total Prandtl number obtained when
the total specific heat and total thermal conductivity are used.

The boundary conditions on these equations are as follows:

f(o) =0 (o) - 1
ft(o) =
g(o) = gy glw) » 1

The thermodynamic and transport property terms in these equations are
treated as known functions of the static enthalpy. The pressure-gradient
parameter @, wall temperature, pressure, and the term ueg/HS are treated
as parameters.

Equations for Heating Rate and Heating-Rate Distribution

Solutions to equations (2) and (3) are in the ¢ and n coordinate system;
therefore, with the aid of the transforming equations in appendix A, equa-
tion (1) is rewritten as

i Pyt elg
Q= — == g1 (o) (4)
Prw~}2g

To obtain the heating-rate distribution over a body it is convenient to
normalize equation (4) by the heating rate at a stagnation point given in
reference 2 as

He
Wo = Br 2 owouwo< > (5)

Using equations (4) and (5) and assuming an isothermal surface, at a tempera-
ture small compared to the stagnation temperature, we may write the following
heating-rate distribution equation

dw pw} <ue> g' (o)
jn+lf< ><ue> on [ (uzium)]o g! (o)




THERMODYNAMIC AND TRANSPORT PROPERTIES ’

Solutions to the boundary-layer conservation equations depend on a
knowledge of the thermodynamic and transport properties of the gas in ques-
tion. The thermodynamic properties of pure gases can be calculated to good
accuracy from spectroscopically determined constants. The situation concern-
ing transport properties is more uncertain and their calculation depends on
assumptions concerning the intermolecular potentials at the lower temperatures
and on many uncertainties regarding collisions and diffusional phenomena at
the higher temperatures. Despite these uncertainties, properties so calcu-
lated are probably representative of the actual values and, at least, should
show how differences in gas composition affect heat transfer. This study was
confined to the gases, air, nitrogen, hydrogen, carbon dioxide, and argon.
The actual values of the properties for the various gases were compiled from
information in references 6 to 15.

The properties were curve fitted as a function of enthalpy and used in
the numerical solutions to the boundary-layer equations. This 1s explained in
appendix B and the coefficients of each curve fit are tabulated in tables II
through V.

To use these properties the gas considered must be in local thermochemi-
cal equilibrium and its atomic composition must correspond to that given by
assuming its initial state was at standard conditions of pressure and tempera-
ture. Hence, using these properties in the boundary-layer equations implies
equal diffusivity among the various species at all points in the boundary layer.

Before discussing the final results of the study, it is of interest to
examine the variation of gas properties with enthalpy as these quantities
enter the basic conservation equations as coefficients.

The gas-density ratios pe/p are plotted against the enthalpy ratio
h/HS in figure 1. This figure is representative of the change in density
with enthalpy at the stagnation region of a blunt body for a flight velocity
of 30,000 ft/sec and a pressure of 0.1 atm. A significant difference in den-
sity between the wvarious gases occurs at intermediate values of the enthalpy
ratio. However, as stipulated in reference 1, differences of this magnitude
probably have little influence on the wall enthalpy gradient obtained from the
solution to the boundary-layer equations. Further investigation was under-
taken to verify this point and the results are discussed later.

Figure 2 presents the variation of pp/pwuw (hereafter defined as o)
with h/Hg for each gas. Air, nitrogen, carbon dioxide, and argon behave in
a similar manner, showing some differences in level with particular values of
h/Hs. Hydrogen exhibits the smallest variation of . 5

Figure 3 shows the changes in @/Pr with h/Hs for each gas. This term
reflects the changes in the ratio k/cp superimposed on the density variation
seen in figure 1. TFluctuation of the @/Pr curves from h/Hg = 1 to
h/HS = O is related to the chemical reactions that take place during the
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Figure 3.- Variation of o/Pr with enthalpy for various gases.

recombination of various species through the boundary layer. These quantities
depend both on the concentration gradients and concentrations of each species
and therefore assume rather complicated behaviors. The fluctuations of ¢/Pr
are usually associated with the completion and onset of various reactions.
For example, the species concentration of COs taken from reference 12 and




plotted in figure Y4 shows that the first fluctuation occurs during the
formation of the maximum amount of CO from free O and C and that the next nota-
ble fluctuation occurs during the final formation of COs from the various dis-
sociated species. The effect of this o/Pr variation on the solution to the
boundary-layer equations will be discussed later.

1.6
P=.1 atm /
Hs = 4.5x 108 f12/5ec2
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‘ Figure 4.- Gas composition of CO» (mole per original cold mole of COz). Variation with static enthalpy
(taken from ref. 12).
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Pressure level can affect the property variations of each gas as
illustrated in figure 5 where @/Pr for Ny and COz for two pressures is shown.
For No there are only small differences in ¢/Pr for the two pressures,
whereas for COs there is a marked difference. The other gases do not exhibit
such wide differences with pressure level as COz, but the need to investigate
the effect of pressure changes on the boundary-layer solutions for all the
gases 1s evident.
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1.2
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Figure 5.- Effect of pressure level on @/Pr for Nz and COp.
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The comparisons made above are inconclusive insofar as telling how the
differences in gas properties might affect solutions to the boundary-layer
equations and, in particular, the wall enthalpy gradient. The next step is to
solve the differential equations for various values of pressure, pressure gra-
dient, boundary-layer-edge velocity, and wall temperature. The range for
these was generally chosen as follows:

osp=sl
500° R € T, < 1850° R

0< =<1

1072 < p, £ 10 atm

RESULTS AND DISCUSSION

Similar Solutions

Solutions to the boundary-layer equations for each of the gases when
certain external flow parameters and wall conditions were varied are summa-
rized next. Generally, each gas behaved in the same way; for example, the
heat-transfer parameter g'(o)/l—gw increased with increasing wall tempera-
ture and increasing pressure-gradient parameter (; it decreased with increas-
ing flight velocity or total enthalpy; for practical purposes it was unaffected
by changes in the dissipation parameter ue®/Hs and the pressure level.

A correlation which included all the input parameters was needed to illus-
trate the important results of the solutions. Such a correlation was pre-
sented by Fay and Riddell (ref. 2) and subsequently by Kemp, Rose, and Detra
(ref. 3). These investigators found that for dissociated air (for flight
velocities to 30,000 ft/sec) the heat-transfer parameter g'(o)/l-g, corre-
lated with ¢g. This term reflects implicitly the changes in flight velocity
and wall temperature; that is, at constant wall temperature it decreases with
increasing flight velocity; at constant flight velocity it increases with
increasing wall enthalpy or temperature. In addition ¢, appeared to account
for the over-all changes in thermodynamic and transport properties through the
boundary layer, implying that subsequent differences in the numerical wvalues
of the transport properties would not affect the correlation equation. The
investigators of reference 3 found that the pressure-gradient parameter was
accounted for by assuming that the enthalpy gradient varied as (l+-constant.JE)
and also that the dissipation term (ue2/Hg)[(p - @/Pr)f'f"]' affected the
solutions to a wminor degree. This correlation was attempted for each of the
gases considered herein.

11



The results are presented in figures 6 through 10. In these figures the *
heat-transfer parameter g'(o)/l-g; is divided by Pr; and by a term which
accounted for the pressure-gradient parameter (i.e., (l + constant \/E)) The
various symbols represent different values of the pressure-gradient parameter.

1.0
g’'(0)
——————— = 667 (| +.096 475
{I-gy) Pry VBlige )y
T B iy Ty, P
& g—O0 0 @0 O 50°R O .laim )’&
§ 0O 25 O35 0OI000 b 1o 1~
S|+ 5 5 Q 1850 £10.0 —*ﬁi/
:; ‘:; A 10
a 4 0.
L4 2
$ ue? %,o
— 13 \\
3 \‘\‘ r
-
$
2
N 2 .3 4 .5 6 7 8 910
Pe
Figure 6.- Heat-transfer parameter correlation for air.
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Figure T7.- Heat-transfer parasmeter correlation for nitrogen.
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Figure 8.- Heat-transfer parameter correlation for hydrogen.

Symbols are flagged to represent solutions for different wall temperatures and
different pressures. Symbols are filled to represent solutions for different
values of ue2/Hs. For the investigated range of parameters the solutions
correlate about straight lines of the same slope fitted to the solutions for
constant values of ueg/Hs. The two straight lines shown on each figure
represent curve fits through the solutions for ue®/Hg = 0 and weZ/Hg = 0.5.

The first important aspect of the correlation is the relatively small
dependence of the heat-transfer parameter on B. The term (l + constantNﬂ§)
found in the ordinate of each figure is never much larger than 1.0 because
the value of the constant, although slightly different for each gas, is numer-
ically small.

The correlation figures point out that the dissipation term also has a
relatively small effect on the enthalpy gradient. This is clearly demon-
strated in figure 9 where the results for COz are plotted. At three distinct
locations along the correlating line for uez/Hs = 0 the dissipation parameter
was varied between O and 1 for a constant pressure and wall temperature and a
solid line (practically horizontal) joins these solutions. For each succes-
sive change in ue2/Hg the value of @, increases because the static
enthalpy decreases at the boundary-layer edge while the enthalpy gradient
changes a small amount. The largest changes in the enthalpy gradient occur at
the largest values of @, but for practical purposes these are negligible.
Each of the gases showed a similar dependence on the dissipation parameter.
This allows a convenient equation for the enthalpy gradient to be expressed in
terms of the stagnation value of @, and 8. These equations are presented in
each of the figures. The advantage of these equations is that the enthalpy
gradient ratio in the heating-rate distribution (see eq. (6)) can be deter-
mined without computing the local value of the density-viscosity product.

13




Next, these correlations demonstrate the effect of changes in wall .
temperature and pressure. As the wall temperature increases, ¢ I1ncreases.
At the same time, the heat-transfer parameter increases so that a straight
line joins solutions for identical values of ueg/HS. Note that differences
in Pry, resulting from changes in wall temperature, did not introduce scatter
into the correlations. Likewise, changes in pressure cause changes in @g
with corresponding changes in the heat-transfer parameter such that the cor-
relation line is maintained. The scatter of the results about the correlating
line due to pressure and temperature changes 1s small for practical applica-
tions. These changes introduce more scatter for COs (fig. 9) than for air,
hydrogen, and nitrogen. An estimate of the magnitude of this scatter is
obtained by comparing some of the results for uea/HS = O with the straight-
line curve fit to these points. It can be seen that changes in pressure level
introduce more scatter than wall temperature.

1.0
‘(0
9 ——Q—L:eos(u 10 VB M), 332
8 (1-gy,) Pr,
7
2 .6
L~
= 5 ]
=
o =
a .4
R L
™ T Pe
3 B0 OO0 @O0 O 500°R -O 0Olatm
Nl O 25 @ 25 O-1000 o .
A, o0 &5 05 Q1850 0100
LA10 @10 Q3400
2 L i L | 1 L 1
A 2 3 4 5 6 7 .8 .910
e

Figure 9.- Heat-transfer parameter correlation for carbon dioxide.

Argon (fig. 10) did not correlate as well as the other gases. For this
gas, only the solutions for the lowest value of the wall temperature were used
for obtaining the straight-line fits. At each velocity (constant Pelle)
increasing the wall temperature increases both the enthalpy gradient and .
However, decreasing ¢, by maintaining a constant wall temperature and
increasing the flight velocity does not cause a corresponding decrease in the
enthalpy gradient. This is in direct contrast to the solutions obtained for
the other gases. As a result, the slope of the correlating line is much
smaller than for the other gases. Pressure also affects the solutions for
argon more than other gases; for example, at 20,000 ft/sec, results for 1073
and 1071 atm agree very well but differ from that for 10 atm by about 10 per-
cent, although this is not considered significant for practical applications.
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Figure 10.- Heat-transfer parameter correlation for argon.

The behavior of argon is quite similar to that of air when the total enthalpy
reaches the value where ionization significantly affects the viscosity used in
evaluating @e (see, e.g., ref. 16).

Correlations in terms of @ are not without shortcomings. First, the
correlation equations can be used only over the range of ©®e for which they
are developed. This is substantiated in the results for air given in refer-
ences 16 and 17 and will be demonstrated later in this study. Secondly, a
single correlation equation in terms of ®¥e is not obtained for all the gases
and therefore the results are not general enough for computing the heat trans-
fer in gases other than those being considered. Finally, the correlation
lacks the quality of accounting for the constancy of the enthalpy gradient
with varying ueZ/HS. Two unsuccessful attempts were made to eliminate these
shortcomings. The integrals of ¢ and ¢/Pr across the boundary layer were
investigated as single correlating factors for all gases. However, they
resulted in individual correlations for each gas which were no better than
those for which @ alone was used. Hence, a detailed study of the effect of
the property variations on the solutions was undertaken. The results are
presented next and are then used to obtain a single correlation which is use-
ful for estimating heating rates in various gases.




Effect of Gas Properties on Similar Solutions

Some of the solutions in carbon dicxide gas are considered first since
they are representative of the results for other gases. Variations of veloc-
ity f', enthalpy g, and the property terms across the boundary layer are
given in figures 11, 12, and 13 for a pressure-gradient parameter of 1/2 and
for three flight velocitles. Two values of the dissipation parameter were
used, one representing a stagnation point and the second, a point on the vehi-
cle where the local boundary-layer outer-edge velocity is ./HS/E. The local
boundary-layer-edge velocity influences the solutions in two ways: Tirst, it
changes the static enthalpy distribution across the boundary layer which in

1.0 1.0

o A 1/
/ .

¢ 3 y/
4 - - 41—
2 ,2 (
0 | 2 3 4 0] | 2 3 4
7 7
{6

B=.5, ue? /Hs=0
———— 325, ue?/Hs=.5

Figure 11.- Comparison of boundary-leyer profiles; COp, U, = 10,000 ft/sec, Ty = 500° R, and

p = 0.1 atm. *
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turn changes the fluid property variations; secondly, it introduces the
dissipation term in the energy equation (see eq. (3)). It will be shown sub-
sequently that the latter effect is very small and therefore the comparison of
the pairs of solutions in figures 11 through 13 shows the effects of varying
property distributions through the boundary layer.

In figure 11, the enthalpy, velocity, and property terms vary smoothly
between their wall and boundary-layer-edge values. The relatively small
change in property profiles, brought about by including uez/HS, does not
affect the enthalpy gradient at the wall to any significant extent. In fig-
ure 12 where the total enthalpy has been increased, significantly different

1.0 1.0 —

7/
/

7)

0 | 2 3 4 0 | 2 3 4
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1.0 1.0 —
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\ [ ]
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Figure 12.- Comparison of boundary-layer profi’zes; COz, U, = 20,000 ft/sec, Tw = 500O R, and
p = 0.1 atm.
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property variations are obtained, and yet the enthalpy profiles, especially
near the wall, do not reflect these differences. This is especially true for
the enthalpy gradients at the wall which differ for this case by less than
10 percent. Similar conclusions are reached from figure 13. The results
indicate that property variations "far away" from the wall (especially for
¢/Pr) have a rather small effect on the enthalpy gradient at the wall and
therefore on the heat transfer. Another interesting aspect of the comparison
which will be used later is the behavior with total enthalpy (or flight veloc-
ity) of the ¢ and @/Pr terms near the wall. The absolute value of the slope
of these terms near the wall increases with flight velocity while the wall
enthalpy gradient decreases (recall the results for varying free-stream veloc-
ity in figs. 6 to 10).

1.0 1.0

.8 ﬁ .8 r

0 | 2 3 4 0 ! 2 3 4
n n
1.0 1.0
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.8 8 /
6 .6
: :
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1.6
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Iy
at \
\&.—-—.-
0 | 2 3 4

Figure 13.- Comparison of boundary-layer profiles; COp, U, = 30,000 ft/sec, Ty = 500O R, and
p = 0.1 atm.
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. It was mentioned above that the effect of including the dissipation term
in the energy egquation became evident only through its effect on the fluid
property variation through the boundary layer. To show this, the magnitude of
various terms in the energy equation (see eq. (A26)) for the flight velocity
of 20,000 ft/sec is compared in figure 14 with those obtained when the

2.4

fg
2.0
— — —— Solution for which ug?/Hg(¢/Pr-¢) £'f'20 (Eq.(A26))
Solution to complete equation (Eq.(A26))
1.6
|.2
.8
2 4
g /
T T T =%
// g
o] .4 .8 1.2 1.6 2.0 2.4 2.8 3.2
n
Figure 1lh.- Magnitude of terms occurring in energy equation; COp, U, = 20,000 ft/sec, Ty = SOOo R, and
p = 0.1 atm.

dissipation term was zero. The value of UeZ/HS was one-half in both cases.
This figure shows that the dissipation term itself (ue2/Hg)[(o - ¢/Pr)fie"]’
has little influence on the solution and especially on the wall enthalpy gra-
dient. Spot-check solutions for other wvelocities and for other gases gave the
same result.

It is also appropriate at this point to indicate how the density term
pe/p affects the determination of the enthalpy gradient. Several solutions
to the boundary-layer equations for different density distributions showed
that the solutions were insensitive to arbitrary veriations of pg/p. For
example, using the pe/p distribution for COp and the ¢ and ¢/Pr distribu-
tion for N to obtain a stagnation-point solution at 30,000 ft/sec resulted in
a negligible change in enthalpy gradient from the corresponding nitrogen
solution.
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Thus far, it has been shown that the variation of the terms ¢ and ¢/Pr
"elose" to the wall rather than that "far" from the wall affects the enthalpy
gradient and that the rate of change of these property terms with n near the
wall influences this gradient. For this reason a single correlation curve
with ¢, 1s not obtained for all gases. This is illustrated in figure 15
where the stagnation-point profiles for some of the gases are plotted for a
flight velocity of 30,000 ft/sec, a pressure of 0.1 atm, and a wall tempera-
ture of 500° R. Also included are the computed values for g'(o)/l-gy-
Observe that the values of Oq for the gases differ but that the enthalpy
gradients do not, provided the variations of the property terms near the wall
are similar (i.e., compare the enthalpy gradients and the property profiles
"near" the wall for COs, Np, and A). These results suggest that any general
correlation should probably be based on properties evaluated "near" the wall.
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Figure 15.- Boundary-layer profiles for various gases at a stagnation point; U, = 30,000 ft/sec,
p = 0.1 atm, and Ty, = 500° R.
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- The insensitiveness of the solutions to the variation of the transport
properties in the higher energy portions of the boundary layer indicates that
precise evaluation of the transport properties at the higher enthalpies may
not be critical for determining the equilibrium convective heat transfer.
Calculations were made to determine how much the properties could be changed
before significant differences in the enthalpy gradients appeared. Typical
results are presented in figure 16 where the profiles for a stagnation point
in carbon dioxide are plotted. First, the true w/Pr variation was changed
by fixing the Prandtl number constant (at its wall value) across the boundary
layer. The velocity and enthalpy profiles in the lower energy portion of the

1.0 1.0
.8 ,,/ .8
-
- ff-1
6 IHa/' I.G .
9 II~7 f o I
4 4 4
/ //
.2 2 /
-
0 i 2 3 4 0 ! 2 3 4
7 7
1.0 [.0
2
8 8 //
v
6 L
. 6
. \ Pe DI//I
I P I
4 7 4 /
I,I /
> SR S| >
0 | 2 3 4 0 | 2 3 4
7 n
1.6
1.2
I.. I - True properties
¢ 8 T T I-¢/Pr=¢/Pry
Pr = \ / I0 - o= 1.7 (e} yryer P/Pr=9/Pry,
N TC- $=2.9 B) 4yye, B/ Pr=d/Pr
4 \ | ,l’]I € L3 rue w
N o |
0 | 2 3 4
n
Figure 16.- Comparison of stagnation-point boundary-layer profiles in COp for arbitrary ¢ and w/Pr

distributions; COp, Uy,

20,000 ft/sec, Ty = 500° R, and p = 0.1 atm.
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boundary layer are not changed and the enthalpy gradients differed by less .
than 5 percent. Next, sclutions for several different ¢ profiles were
obtained by arbitrarily fixing ¢ at a constant value at some point in the
boundary layer; the enthalpy and velocity profiles and the enthalpy gradient
did not change significantly. (For these cases the @/Pr variation with
constant Prandtl number described above was used.) Calculations for various
velocities demonstrated that large differences in g or (k/cp)e do not sig-
nificantly affect the value of the enthalpy gradient. One additional case

was computed that is worthy of comment. For a stagnation-point solution at
30,000 ft/sec, @/Pr (where Pr = Pry) was allowed to vary normally until 1
reached a value of l1; from there @/Pr was increased until at the boundery-
layer edge it was 25 times its normal value. The enthalpy gradient was
increased only 50 percent over the correct value. Concurrent with the present
investigation, reference 18 determined the effect of uncertainties in the
thermal conductivity of air on the stagnation-point heat transfer. Their con-
clusions are in substantial agreement with those made above. These results
vividly illustrate that correlation equations in terms of boundary-layer
outer-edge properties should be used only over the range of ¢ for which
they are derived.

Correlation of the Heat-Transfer Parameter in Terms of
Low Temperature Properties

The results described above were used as a basis for obtaining a single
correlation of the wall enthalpy gradients for all the gases. It seemed rea-
sonable that the wall gradient would correlate on an "average" derivative of
the '"near-wall" property terms, and during the course of making arbitrary
changes in the property variations it was determined that changes beyond the
point where the @/Pr variation reached a minimum or inflection did not seri-
ously alter the enthalpy gradient at the wall. The correlation was obtained
by using the absolute value of the average slope of ¢ with h/Hg, that is,

by /Hg
L ] (@

ap 1z w/Hs _ 1 -9p
a(n/Hg) bp by bp by
Hs Hg {s Hg

Both hp and ¢p were evaluated at the point in the boundary layer where dis-
sociation (or ionization for argon) was Just beginning. In particular, this
point was chosen so that for the dissociating gases 2 (the ratio of molecular
weights) was 1.0l and for argon o (the degree of ionization) was 0.00l. The
roints in the boundary layer where these conditions prevailed were associated
with the points where ¢/Pr obtained its first minimum or inflection (e.g.,
see @/Pr in fig. 15). At the enthalpy hp, only small amounts of dissoci-
ated or ionized species are present in the gases, but the concentrations and
concentration gradients of the various species are sufficient to cause the
ratio k/cp to remain constant or decrease as reflected by the ¢/Pr term.

Figure 17 shows the correlation of [g'@ﬂ/l—gw]‘jgwuw/(pu)T:SOoo g+ The

stagnation-point sclutions of the present investigation are included (with the
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Figure 17.- Correlation of stagnation-pcint sclutions for 211 gases.

exception of some hydrogen cases for which no dissociation occurred) and are

found Lo correlate within #16 percent. The term /pW“W/(p“)T=SOOO R Was

included to reduce some scatter due to wall temperature variations. Also cor-
related are several solutions of reference 2 (Lewis number equal to 1.0) with
values of hp and Op &iven in reference 6 corresponding to a pressure of

0.1 atm and Z (ratio of molecular weights) of 1.01. The solution described
earlier where (k/cp). was 25 times the true value is also included. For this
case hp and ¢p were evaluated at the point in the boundary layer where @/Pr
reached a minimum. The equation describing the correlation is

-0.15

g' (o) Pwiyr . 1 -9
g, fwT:SOOo N 0'32“[@]3/1{5) . <hw/Hs>} ™

If the enthalpy gradients for other values of B and ueg/HS are desired, they
can be obtained by multiplying the corresponding stagnation-point gradient by

the factor 0.93 (1 + O.lOJB). This factor uses an average value of the con-

stants in the expression (1 + constant . B) in figures 6 to 10.

Other choices for determining the slope of the "near-wall" properties
were also investigated. The best results were obtained by using a weighted
average slope of ¢/Pr with h/Hg over the same limits of integration used
above. This resulted in a correlation of the stagnation-point solutions to
within 13 percent. This is about the smallest percentile range that can be
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cbtained using property derivatives with respect to h/HS as a correlation -
parameter. The equation describing this result is

| 5 2 -0.12
g' (o) f Owtw = 0.37 (¢/pr),, - (0/Pr)y (&)
t-gy J (e)pas000 ) th/HS(Cp/Pr) a(h/Eg)

hw/HS S

Obviously, the simplicity in applying equation (7) outweighs the small corre-
lation improvement given by equation (8).

The correlation in terms of the property derivatives does not contain the
shortcomings inherent in the correlations in terms of ®Pe. First, a single
correlation equation arises which can be used to predict the enthalpy gradient
in gases other than those being considered. In application, this becomes a
rather simple task since the correlation depends on relatively low temperature
properties which are calculable for pure gases or gas mixtures by the methods
described in reference 19. The correlation can be extrapolated into a range
of enthalpy where both dissociation and ionization occur together in the
boundary layer, as will be shown subsequently by demonstrating reasonably good
agreenment between heating rates calculated from the present correlation equa-
tion and those predicted by theories accounting for the effects of ilonization
on the transport properties and with actual shock-tube data. Finally, the
correlation accounts for the constancy of the enthalpy gradient with ueg/HS.

Stagnation-Point Heat Transfer

The heat-transfer parameter, g'(o)/l-gy, was used to describe the results
of the similar solutions to the boundary-layer equations. The next concern
is how these results apply to the determination of the heat transfer to a body.

First, it is informative to develop specific equations for stagnation-
point heat transfer in each gas so that the relative levels of heating rate
for comparable conditions of flight velocity and stagnation-point pressure can
be observed.

If a Newtonian pressure distribution in the vicinity of the stagnation
region is assumed, the equation for the velocity gradient in equation (5)

becomes
due 1 ’ P, - P,
dx>o R 2< Pey (9)

For simplicity P, 1s neglected in what follows. Substituting equation (9)
into equation (5) and miltiplying both sides of the resulting equation by

.[R/po gives
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The right side of equation (10) was computed for each gas for a range of
stagnatlon pressures from 10 "3 to0 10 atm, wall temperatures from 500O to

1 650 R, and total enthalpiles correspondlng to flight velocities from

lO 000 to 30,000 ft/sec. In this determination the value of g'(o) from the
boundary lagyer solutions was used and not the correlations described above.
The results were correlated within 10 percent by an equation of the form

ANR/Pg _ c(@ )Y (11)

1-gy

where ﬁ; is dimensionless and equals U, divided by 10,000 ft/sec. In most
cases the deviation of the computed value from that given by equation (11) was
mich smaller than 10 percent. Equation (11) is plotted in figure 18 and the
constants C and N are tabulated. For a given flight velocity, argon has the
highest stagnation-point heat transfer followed successively by COp, air, Np,
and Hy. TFor a given flight velocity, the stagnation-point heating in COp,
alr, and nitrogen 1s nearly the same. For hydrogen, the heating rate is not
very large compared to the other gases over the range of veloclty considered.

Although equations of the form given by equation (11) are very useful,
their extension to higher velocities and to other gases 1is not straightforward
since the constants C and N are valid only in the range of wvelocity consid-
ered here and are not readily expressed as functions of gas properties.
Therefore it becomes necessary to develop a more general equation. Substi-
tuting equation (7) into equation (5) results in the following heating-rate
equation for an axisymmetric body

-0.15

a = _i_ 2(o) p_s00° R < >[hD/Hl '_(P]()hw/HSJ Hg(1-g,) (12)

Furthermore, using equation (9) and the approximation, Hg » U,%/2, we can
rewrite equation (12) as

NB/Po o360 |1 [(Q“)T=5ooo R] <1 - @D> e a7
b

= U, 1
1 - gy Prw. 42 popeo - Ty o ( 3)

. 5 i/2
To obtain equation (13) in the units, Btu/ftZ-sec (ft/atm)  , it is
rewritten
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e -0.15
%JR/pO b l10-8 L [(p“)T:5ooO R] < - % > —— (1)
L-g - Pry 4 PoPe, hp - hy *

where p is expressed in slugs/ft3, p  in slugs/ft sec, h in £t%/sec®, U,
in ft/sec, and p, 1in atm. Equation (14) can be used to estimate the heating
rate in various gases. To apply the equation, knowledge of the low tempera-
ture properties of the gas along with the stagnation-point pressure and den-

sity i1s required.

To substantiate the theoretical predictions made above, a comparison of
theory and experiment is given in figures 19(a) to (d). Here, heating-rate
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data from various sources are plotted against (HS - hy). For air, the shaded
area represents the majority of shock-tube data from a large number of sources.
The solid lines represent equation (11) with the appropriate values of C and
N. The data and equation (11) agree well for all the gases. Also, equa-

tion (11) agrees very well with the theory of reference 4 for air and COs and
reference 20 for air.

Equation (1L) is also shown in figure 19 evaluated for Pg = 0.1 atm.
This equation, as expected, agrees well with eguation (11) up to 30,000 ft/sec.
To demonstrate the utility of this equation, which uses the correlation shown
in figure 17, it was extrapolated to substantially higher enthalpies. The
agreement with the data is good. Also, the theory of reference 20, which
includes the use of the high temperature transport properties of air, and the
extrapolation of equation (14) agree favorably in the extrapolated region
where ionization and dissociation occur together in the boundary layer. There-
fore, it appears that the heating rate in various gases can be predicted ade-
guately to very high enthalpies by an equation based on relatively
low-temperature properties.

Next, the problem of heat distribution on the surface of the body is
considered.
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Heating-Rate Distribution

Equation (6) shows that the distribution of heat transfer around a body
depends explicitly on the inviscid flow as reflected in the boundary-layer-
edge velocity and surface pressure and impliciltly on the inviscid and viscid
flow as reflected in the variation of g'(o)/gé(o) with pressure gradient. An
investigation of the magnitude of this ratic of enthalpy gradients 1s pre-
sented next and it shows that including this ratio in the heating-rate distri-
bution equation modifies the results by a small amount.

Figure 20 presents the variation of g'(o)/gé(o) for an axisymmetric body
with pressure-gradient parameter for each of the gases for a ‘single value of
the dissipation term wug®/Hg = 1/2 at three flight velocities and at a speci-
fied wall temperature and pressure. Each gas shows an increase in this ratio
with increasing pressure gradient. Positive values of f imply favorable
pressure gradient. The ratio of enthalpy gradients for any particular gas
varies by about 10 percent over the range of 3 considered. It is noteworthy
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that the curves do not always pass through 1.0 at B = 1/2 as a direct conse-
guence of including the dissipation term in the equations and, as pointed out
before, its effect on the solution is small. For all values of the dissipa-
tion term used in this investigation, the effect never exceeded 10 percent.
If the dissipation term is neglected, the correlation equations presented in
figures 6 through 10 can be used tc express the axisymmetric value of

g'(0)/g4(0) as
g'(o) L+ NE)

, (15)
gé(o) 1 + 0.707c

where i¢ the constant given in figures 6 to 10.
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. It is interesting to compare the variation of g'(o)/gé(o) with that
cbtained in reference 21 for an ideal-gas solution to the boundary-layer equa-
tions with ¢ and Pr set equal to 1. The dashed curve in figure 20 represents
such an ideal-gas solution, and as shown, this approximation represents quite
adequately the real-gas variation. This ideal solution is also compared with
equation (15) for carbon dioxide (see Uy, = 10,000 ft/sec) and the comparison

is very good. Either method for obtaining g'(o)/gi(o) is adequate for the
range of pressure-gradient parameters considered. Ideal-gas solutions to
pressure-gradient parameters of 4.0 are tabulated in reference 21.

It is concluded that the transport and thermodynamic property variations
play a minor role in determining the heating-rate distribution, at least for a
practical range of the pressure-gradient parameter, whereas the external flow
field is of major importance. '

CONCLUSIONS

An investigation of the effects of gas composition on the equilibrium
convective heating rate and heating-rate distribution resulted in the follow-
ing conclusions:

1. The effect of the transport property variations in the higher energy
portions of the boundary layer was not reflected in the wall enthalpy gradient.
At large mn changes by a factor of 3 in thermal conductivity or viscosity
changed the wall enthalpy gradient and therefore convective heating rate less
then 10 percent. For the range of parameters investigated, this indicates
that precise evaluation of transport properties at high temperatures is not
critical to equilibrium convective heat-transfer calculations.

2. The wall enthalpy gradient obtained from sclutions to the similar
form of the equilibrium boundary-layer equations for air, nitrogen, hydrogen,
carbon dioxide, and argon can be correlated on low temperature properties.
This correlation can be used to extend the present results to other gases and
to higher total enthalpies.

3. The stagnation-point heat transfer depends on gas composition. For
the same body radius, total pressure, and flight velocity, argon gives the
highest heat transfer and hydrogen gives the lowest value. Air, nitrogen, and
COz give about the same intermediate value of heat transfer.

L. The heating-rate distribution on a body is affected to a minor degree
by the gas composition. For practical application, the heating-rate distribu-
tion to blunt bodies can be obtained from inviscid flow considerations alone.
Refinements to this can be obtained by using solutions to the low speed form
of the boundary-layer equations.

Ames Research Center
National Aerongutics and Space Administration
Moffett Field, Calif., Feb. 23, 1965
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APPENDIX A 7

DERIVATION AND SOLUTION OF EQUATIONS

The analysis 1s restricted to a gas in thermochemical equilibrium whose
chemically reacting species are considered a mixture of perfect gases. For
such a gas, the general equations of change for a body-oriented coordinate
system (see sketch above) subject tec Prandtl's boundary-layer assumptions are:

2 (ou) + = (x%v) = 0 (A1)
% oy
du ou , dp ) ou
SL5 L3 == 2 == = 2
e 9% ey oy N dx  dy H 6¥> © (a2)
M, AW D 6u2/2> Oy
pu. < + V'ay Sy L Sy + S C 0 (a3)

where n = 1 for axisymmetric bodies and n = 0 for two-dimensional bodies.
Equation (Al) is the continuity equation and represents the sum of the indi-
vidual species equations. Equation (A2) is the momentum equation which
relates the momentum change to the pressure and viscous shear forces acting on
the system. Equation (A3) is the energy equation which relates the enthalpy

change to heat addition by viscous stresses and the normal component of the
heat-flux vector, dgy.

The normal component of the heat-flux vector (neglecting thermal diffu-
sion and radiation) is related to the temperature and molar concentration of
the gas by the equation (see ref. 19)
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: 3T =2 X 4
q_y = —kf —gy—_ +z% hj_ ij—mjDij -—53% (A)-l-)

The first and second terms on the right side of equation (AlL) represent,
respectively, heat addition due to conduction and due to diffusion of species
across the boundary layer. Enthalpy is introduced into equation (AM) as fol-
lows. The molar concentration and enthalpy of the gas in equilibrium vary
with temperature only (the pressure 1s considered constant across the boundary
layer) so

SXJ _ BXJ DT

—d = (<) L A

oy oT o dy (85)
and

oh _ /dh\ oT

S =\, oy (46)

dcC;
—2—1%> = Cp = ZCplCi +z i -E—TE' (A7)
P i

Therefore (AL), with the aid of equations (A5) and (A6) and the above defini-
tion of specific heat, becomes

- OX
1 2 J | oh
W [kf > 5 b > m41m3Ds ; S_TJ Sy (45e)
i

or

= - =2 (A8Db)

where the bracketed term in equation (ASa) is the so-called "total" thermal
conductivity K.

Now, the energy conservation equation (eq. (A3)) is rewritten with the
aid of (A8b) as

(A9)

pu -+ oV -

2
oH o _ O U @1442\ o[ §E> =0
dx dy  dy dy / oy \Pr 3y
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where Pr represents the total Prandtl number of the gas obtained when totals
values of thermal conductivity and specific heat are used. Equation (A9) may
be rearranged to give the energy equation

o OH _ 9|, (oH 1 -Pron)|_
S oy ay‘} oy A= 6y>} -0 (410)

Equations (Al), (A2), and (AlO) are the conservation equations for a reacting
gas in thermochemical equilibrium. The solution to these equations is
required when the heat flux to a wall is computed. This is apparent by
inspection of equation (A8) (evaluated at the wall),

_ B @_>:_“1 §h> A1l
G Cp,, Oy /)y Pry \Ov/y (a11)

To put equations (Al), (A2), and (Al0) in a form more suitable for solu-
tion, the following transformations are introduced:

X
E = f Pyl = dx (A12a)
@]
n
y
r u
n EJ?ge f o dy (A12D)
(o]

The transformed differential operators then become:

o( ) o( ) omo()

ol TN jgg—-+ ™ T&;_ (A13)
8éy) ) i;gg? Sén) (A1l)
It is convenient to make the following definitions:
%E%,uzuegﬁ (815)
g = ﬁHE = }(122/2) (416)
¢ = prv‘:L‘W (a7)
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= rpu (A18a)
oy
o = -rpv (A18b)
ox

The continuity equation is satisfied by the introduction of the stream function
¥ defined by equations (Al8a) and (A18b). Applying the above definitions and
the transformed differential operators results in the following form of the
equations:

Momentum
o
(9fqn)y + ffnn + 8 (5 - fn2> = 28 (fnfpe - fefp) (A19)
Energy
2 +f +1£ -2 rr = 2t(f, 8 - Trgn) (A20)
Pr &n) " &1 T Eg ¢ " Fr wn nét ~ T&bn

where the subscripts denote partial differentiation with respect to that
variable and

- d in Ue
p=z din & ’ (Agl)

Equations (A19) and (A20) comprise a set of simultaneous, nonlinear partial
differential equations. The local similarity assumption is used to solve this
system of equations. In this approach, the terms on the right side of equa-
tions (A19) and (A20) are assumed small compared to other terms in the equa-
tions so that methods applying to solutions of ordinary differential equations
can be applied. This means that changes of the dependent variable with ¢

are negligible and that the quantities at the boundary-layer edge assume their
local values as specified by external flow conditions. Further discussion of
local similarity and its application can be found in references 1 and 3.

The similar form of transformed boundary-layer equations for the conser-
vation of momentum and energy form a coupled pair of cordinary, nonlinear dif-
ferential equations of third order in f and second order in g. These are
written as

!
o

[IAXY " 9_6__ 12 —
(pf™)r + £f +;3<p f> (A22)

e )\ ug® ? '
- s = - " =
<Pr g‘/ + g + o {( PI‘> e } =0 (A23)
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where the prime denotes differentiation with respect to 1, that is, d/dy. v
These equations comprise an initial value problem requiring five conditions

at 1 =0 (namely £(o), £'(o), £"(o), g(o), and g'(c)) for a unique solu-
tion. ©&ince only three of these conditions are considered known, one must
seek a solution using iterative techniques. This is accomplished by imposing two
additional conditions on the equations as 17 = ®, The boundary conditiocns for
the equations in this case are: '

(o) = 0 fro) » 1
f1(o) =
g(o) = g, g(®) -1

It is advisable to eliminate the explicit forms of the property deriva-
tives from the equations since the accuracy of these terms would be highly
questionable at high temperatures. This can be done by introducing the fol-
lowing integrating factor

I=e (A2lh)

so that

Equation (A22) may be rewritten as
(p£™)'I + £F"I + B f'2> I=0

which when integrated from O to 17 and solved for f" gives:

o [fn ] Bf <_ ; f'2> dn} (425)

Equation (A23) when integrated from O to 7 and solved for g'/Pr gives

M 2
g _Li(g) . f Be (9 _ ) pren "2
= @[Pr>w fg+ofgdn+HS o7 fif (A26)

Define

Mg
a = f = dn (A27)
. @
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N Pe 2
6=fo<—5--f>e“dn (A28)
1
7 = f ftg dn (429)
hde}

Then the conservation equations may be written as:

1 " -
f” = 5 (fw - Ba)e (ABO)
g _1l(e) B (0 ) e

RN A A N Y (431)
Equations (A27) through (A31) along with
4l

ro e (a32)
Yo

are the six equations to be solved similtaneocusly to determine f;, g%, and
rrofile distributions throughout the boundary layer.

The iterative technique that is used to obtain a solution is one of
successive approximations based on the Newton-Raphson method (see ref. 22).
The functions, f' and g, are expanded in a Taylor series where mn — « and
the higher order terms neglected. Thus, for f£'{=) = F(£]], g!) and
g(=) = a(fy, gl) we have

w
1 t
df'(w) - éﬁ_iﬁl df& + éi_gfl dg! (A33)
of ! og! W
w W
Og (o0 dg (o
dg(eo) = g(”) afy, + i(') dgq; (A3L)
T Sy
By approximating the differentials with finite differences we may obtain
improved approximations for f# and g% es follows:
af'(oo) " 1" af' OO) t H
aft () = £1() - £1(») = -Eg:r~'(fwo - ) S (gwo - gl (435)
w
og(*) g (=)
dg() = go(») - gl=) = Sen (g5, - T30 + Ser (g, - &) (A36)



where the subscript o© vrepresents the corrected values so that fé(W) =1 and
8é<m) = 1, and we have:

55( ) [1 - £r(0)] - a‘;‘%(ﬁ)— [1 - g(=)]
W

g =gy -y = (A37)

[8f' w)] [Bg(w)} ~ [Bf'(m)} [Bg(W)}

og!; of ) of ] og!
L[
AFM = PN L PN " fw [ ag‘:f }Ag (A38)
- WO w

5=
i af§

The iteration scheme is started with two initial guesses for f|; and g
(denoted by Tyy, firs, gir,, and A ) and equations (A27) through (A32Y are
integrated (by the Adams—Moulton numerlcal 1ntegratlon method) to sufficiently
high values of 7 to insure ( ) - 0 and g ( ) - 0 for the three combina-
tions of initial guesses (fwl, gwl (fw2, gwl) and (fwl, gw ). These three
solutions give sufficient 1ﬂformatlon for determining the partlal derivatives
in equations (A37) and (A38) by a finite difference. With the initial guesses
improved by Af" and Ag' the process may be repeated until the solution is
converged upon to the desired accuracy. The requirements for convergence for
the data in this paper were:

|£1 () - 1| < 0.0005 |£()| < 0.0005
lg(«) - 1| < 0.0005 |gt ()] < 0.0005

This required on the average two to three cycles of the iterative process.
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. APPENDIX B
REAL-GAS PROPERTIES

The real-gas properties used for this report were taken from the
literature (refs. 6 through 15) and were curve fitted with polynomials for use
in the boundary-layer equations. The references were chosen primarily because
they presented the desired properties or sufficient information to compute the
properties for increments of temperature which were always equal to or less
than 1000° X for pressures ranging from 10™* to 10 atm. This provided suf-
ficient input data for a least-squares polynomial curve-fit method in terms
of the desired function, enthalpy. The references are felt to indicate rea-
sonable property variations with enthalpy and pressure for the enthalpy range
considered here (20 < h < 18,000 Btu/1b).

The tabulated data were fitlted in sections, generally by 7th degree poly-
nomials, and a deviation from the fitted points within *2 percent was main-
tained. The equations are written in the form

2

/ 7w\ !
P = ag + ay Ki%> + aps \ﬁ%y T o, e 0 0, +oay <ﬁ%>
where

0pn/P
P = lDH/OrHr

PH /Pyl

as the case may be. The coefficients ap through a, and the h/h,. range
for which they are valid are given in taebles IT to V. The reference values
(Dr, h., and Hy) are given in table I. In general, the property curves are
continuous over the complete enthalpy range but the derivatives at the points
of connection of two sections are not. This is one reason the property deriv-
atives were eliminated from the boundary-layer equations. The property curve
fites for air were taken directly from reference 23.
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TABLE I.- REFERENCE VALUES

Pressure hy, Ops Oty
Gas lzzzl’ ££2/sec? slugs/ft> slugs®/ft* sec
No 1074 2.16x10°% .03982x1078 2.1380Lx10" 1%
1073 .96395x10™ " 2.08976x107 3
1072 .8896Lx10™° 2.04719x10™ =
107t .81765x107° 2.00279x10”
10° Tu780x107% | 1.95008%107*°
10t 682411073 1.8991hx107%
107 .62118x1072 1.84316x10°°
(0= 107% 1.07882%1078 D.01260x10” 14
1078 1.08852%1077 £.33707x10"*°
1072 .97016x10™° ©,24302x10" 1%
107t L93717x107> 2.18242x107
10° .86150x10°% | 2.20876x107*°
10t .86926x107°3 2.21L48%x107°
102 .81299x107% £2.15642x107°
A 107% .80467x1078 | 2.2906lx107
1078 .73606x1077 £.32691x10° 1
1072 67143x107° 0.35307%x107 %
107t .60912%107° 2.13368%10°
10° .54787x10 ™= D0.53336x1071°
10t 18696x1073 2.64735x107°
Ho 107% .34617x1078 1.77857x107*°
1073 34512x1077 1.77319x107 1%
1072 3LLE0x1078 | 1.77049x107
107% 34460107 1.77049x10™ 1
10° 3hL60x107% | 1.77049x107H
10t .34460x 1072 1.77049x10 ™%
10° ! .34460%10 72 1.77049x107°
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NASA-Langley, 1965



